In cases of laryngeal inflammatory lesions and tracheal invasion of a malignant tumor, autologous tissue implantation techniques using skin or cartilage are often applied. However, these techniques are both invasive and unstable. The purpose of this study was to evaluate the potential use of induced pluripotent stem (iPS) cells in the regeneration of respiratory epithelium.
INTRODUCTION
In cases of laryngeal inflammatory lesions and tracheal invasion of malignant tumor, autologous tissue implantation techniques using skin or cartilage are often applied. However, these techniques are both invasive and unstable. Recently, tissue engineering techniques for various tissues and organs have been reported in experimental studies. For example, Macchiarini et al 1 demonstrated the possibility of a tissue-engineered cellular airway that has mechanical properties that allow normal functioning and is free from the risks of rejection. Similarly, in humans, our group successfully rebuilt tracheal defects resulting from excision of malignant tumors of the thyroid gland and laryngotracheal stenotic lesions by using an artificial graft made from a collagen sponge scaffold with polypropylene mesh. 2 However, the slow rate of functional epithelial regeneration on the collagen sponge remains a problem.
It has been reported that mouse embryonic stem (ES) cells can differentiate into ciliated epitheli-al cells. 3 Building on previous studies, Takahashi and Yamanaka 4 generated induced pluripotent stem (iPS) cells from mouse skin fibroblasts by introducing 4 transcription factors. The purpose of our current study was to evaluate the potential of iPS cells in the regeneration of respiratory epithelium-like tissue.
MATERIAlS AND METHODS
iPS Cell Culture. Induced pluripotent stem cells from the iPS-MEF-Ng-20D-17 line (20D-17; Riken BioResource Center, Tsukuba, Japan) were routinely cultured on a feeder layer of mitomycin C-inactivated mouse embryonic SNl 76/7 fibroblasts (DS Pharma Biomedical Co, ltd, Osaka, Japan), in Dulbecco's modified Eagle's medium (DMEM; Gibco, Invitrogen, Grand Island, New York) supplemented with 15% fetal bovine serum (SAFC Biosciences, lenexa, Kansas), 2 mmol/l l-glutamine (Gibco, Invitrogen), 0.4 mL β-mercaptoethanol (Sigma-Aldrich, St louis, Missouri), and nonessential amino acids (Gibco, Invitrogen). The iPS cell lines were Group I  --Induction groups  Group II  +  -Group III  -+  Group IV  +  + b-FGF -basic fibroblast growth factor.
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To generate embryoid bodies (EBs), we seeded induced pluripotent stem (iPS) cells on low-attachment plates in serum-free medium. After 3 days of culture, EBs were transferred to gelatin-coated dish supplemented with activin A and basic fibroblast growth factor (b-FGF; induction groups). As control, EBs were cultured without these growth factors (control group).
passaged every second day with 0.25% trypsin-ethylenediaminetetraacetic acid (Gibco, Invitrogen). To maintain iPS cell pluripotency during selection of undifferentiated cells, we cultured the iPS cells on puromycin-resistant SNl 76/7 fibroblasts in a culture medium containing 1.0 μg/mL puromycin (Sigma-Aldrich) and then we selected green fluorescent protein (GFP)-expressing undifferentiated cells in a gelatin-coated dish (6 cm in diameter). The GFP expression became negative when differentiation was induced, but remained positive in undifferentiated cells. 5 To prepare puromycin-resistant SNl 76/7 cells, we subcloned the Streptomyces alboniger puromycin-N-acetyl-transferase gene into retrovirus shuttle vector pCX4bsr 6 and then introduced it into SNl 76/7 cells by infecting the recombinant retrovirus vector as described previously. 7 Puromycin-resistant SNl 76/7 cells were selected by culturing in DMEM in the presence of 2 μmol/L puromycin.
Differentiation of Embryoid Bodies. We cultured iPS cells on a gelatin-coated dish in the presence of serum. To induce differentiation, we completely dissociated undifferentiated cells into single cells. The dissociated iPS cells were then seeded on a culture dish and incubated for 25 minutes at 37°C for removal of the feeder cells. To create aggregates of the iPS cells, we seeded dissociated iPS cells on a low-attachment 96-well plate (2,000 cells per well) and incubated them for 1 day in knockout DMEM (Gibco, Invitrogen) containing 10% Knockout Serum Replacement (KSR; Gibco, Invitrogen). The aggregates were cultured for a further 2 days on the 96-well plate to form embryoid bodies (EBs), namely, a serum-free culture of EB-like aggregates. 8 The EBs were then transferred to a gelatin-coated 12well plate (8 EBs per well) and cultured in differentiation medium (Fig 1) . Four kinds of serum-free differentiation media were used in the present study (see Table) . The formulations were as follows: group Ⅰ, knockout DMEM supplemented with 10% KSR, without growth factors; group Ⅱ, knockout DMEM supplemented with 10% KSR and 100 ng/ml activin A (catalog No. 338-AC; R&D Systems, Minneapolis, Minnesota); group Ⅲ, knockout DMEM supplemented with 10% KSR and 100 ng/ml basic fibroblast growth factor (b-FGF; catalog No. 100-18B; Pepro Tech, Rocky Hill, New Jersey); group Ⅳ, knockout DMEM supplemented with 10% KSR, 100 ng/mL activin A, and b-FGF. Group Ⅰ acted as the control group, and groups Ⅱ to Ⅳ as the induction groups. The medium was changed every 2 days. After the fourth day of attachment culture, the medium containing growth factors was replaced with 10% KSR medium for 7 days (total attachment culture time, 11 days).
Morphological Examination In Vitro. In both groups, cultured tissues were examined for 2 weeks and observed under a bright field.
Histologic Examination. Embryoid bodies were fixed with 4% glutaraldehyde in phosphate-buffered saline solution (PBS) to which 5 to 10 drops of hematoxylin were added. We added hematoxylin to stain the EBs and make them visible during the embedding process. The EBs were stored in the fixative and hematoxylin solution at room temperature overnight. After being washed twice with PBS, the samples were dehydrated through a graded sucrose series, embedded in frozen section medium (Neg-50, Richard-Allan Scientific, Kalamazoo, Michigan), Immunohistochemical Examination. The samples were fixed with ethyl alcohol in PBS for 10 minutes at room temperature. After being rinsed 3 times with PBS, the samples were treated with PBS containing C A B D 1% bovine serum albumin, 0.2% gelatin, and 0.05% saponin for 30 minutes for blockage of nonspecific binding. The samples were then immuno stained with primary antibodies at 4℃ overnight. After being treated with PBS containing 0.1% bovine serum albumin, 0.2% gelatin, and 0.05% saponin for 30 minutes, they were incubated with secondary antibodies for 30 minutes at room temperature. After being rinsed 3 times with PBS, the samples were incubated with PBS containing 1 μg/mL (final concentration) of 4',6-diamidine-2'-phenylindole dihydrochloride for 10 minutes. They were then washed finally and mounted for observation by epifluorescence microscopy (Olympus IX 71 with an ORCA-AG camera; Olympus, Tokyo, Japan).
RESUlTS
Morphological Examination In Vitro. The GFP expression in the EBs became negative when differentiation was induced, but remained positive in undifferentiated cells after 3 days of culture (Fig 2) . After 10 days of culture, however, the EBs gradually became negative for GFP from the area of expanded outgrowth when differentiation was induced (Fig 3) . light microscopy analysis revealed cilialike structures in group Ⅳ, localized in areas of ex-panded outgrowth (Figs 4 and 5) . In contrast, the EBs in groups Ⅰ, Ⅱ, and Ⅲ contained very few cilialike structures. After 9 days of culture, spontaneously beating spheres resembling cardiomyocytes were observed in parts of the EBs.
Histologic Examination. The tracheal epithelium, a multilayered pseudostratified columnar epithelium, is composed of ciliated cells, goblet cells, intermediate cells, basal cells, and basement membrane. In this study, these components were histologically examined by hematoxylin and eosin staining ( Fig  6) . In group Ⅰ, the control group with no growth factors, no regeneration of the respiratory epithelium was observed. In induction group Ⅳ (activin A and b-FGF), a pseudostratified epithelium, ciliated-like cells, and basement membranes were seen in a part of the EBs. In group Ⅱ (activin A) and group Ⅲ (b-FGF), a simple epithelium was seen in a part of the EBs, but there were very few cilia-like structures or basement membranes. Taken together, these findings indicate that EBs can be differentiated into ciliated-like cells by culturing in KSR medium supplemented with both activin A and b-FGF.
Immunohistochemical Examination. We performed an immunohistochemical study to clarify the presence of differentiated epithelial cells. Cytokeratin AE1/3 is a specific marker of basal cells, and therefore, we used antibodies against cytokeratin AE1/3 to identify differentiated cells. Basal cells stained with the AE1/3 antibodies were observed on the lower side of the epithelium. In induction group Ⅳ, with activin A and b-FGF, the immuno staining for cytokeratin AE1/3, an epithelial marker protein, was positive, confirming the presence of epi theliallike cells (Fig 7) . This result demonstrated that iPS-derived cells differentiated into epithelium-like tissue.
DISCUSSION
Some patients with malignant or stenotic inflammatory lesions of the trachea require tracheal resection and reconstruction. Reconstructive procedures using autologous skin or cartilage are generally applied. However, these techniques are both invasive and unstable. Furthermore, the current methods of reconstruction are often limited by the availability of normal tissues, and with procedures such as tracheal replacements using prosthetic or biological substitutes, the results tend to be unsatisfactory.
Our group developed an artificial scaffold for use in tracheal regeneration therapy, and obtained good clinical results. 2 However, the delay in epithelial regeneration on the luminal surface of the prosthesis remains a problem. The tracheal epithelium provides a physical barrier to the external environment, and must therefore be regenerated as quickly as possible.
Numerous studies have focused on the differentiation of ciliated epithelial cells in vitro by using ES cell lines as potential cell sources. 9, 10 Although ES cells are capable of unlimited proliferation and dif- Takahashi and Yamanaka 4 generated iPS cells capable of unlimited symmetric self-renewal, suggesting a potential use in tissue engineering applications. Use of iPS cells obtained from a patient's own somatic cells could solve the problem of transplant rejection and ethical issues. The use of iPS cells also has potential in cell therapy of injured epithelium resulting from airway diseases such as bronchopulmonary dysplasia, cystic fibrosis, and bronchiolitis obliterans.
Imaizumi et al 11 demonstrated the potential use of iPS cells as a new cell source for tracheal regeneration therapy. They reported that iPS cells have the potential to differentiate into chondrogenic cells; however, no report has yet shown differentiation into ciliated epithelium. Here, we showed successful in vitro differentiation of iPS cells cultured under serum-free conditions into ciliated-like cells.
The establishment of induction methods for epithelial-like cells in vitro without serum is important from the viewpoint of not only regenerative medi-cine, but also basic studies on the mechanisms of epithelial cell differentiation. Serum is believed to contain a small amount of numerous unknown factors, including cytokines, that make controlling the cell differentiation process more difficult. 12, 13 Stem cells are often grown in suspension culture -an efficient and convenient method of maintaining stem cell properties. Eiraku et al 8 previously established, by serum-free culture of embryoid body-like aggregates, a mouse ES cell culture system that uses a suspension culture of dissociated mouse ES cells. 14 This method was also applied here; in our study, dissociated iPS cells (2,000 cells per well) were cultured on a low-cell adhesion 96-well plate. In this procedure, the cells reaggregated quickly (within a few hours), formed uniformly sized cell masses (about 400 μm in diameter), and selectively differentiated into the target cells, that is, endoderm-derived cells.
Other parameters can also have a significant influence on iPS differentiation. For example, EB size may be an important parameter, not only with regard to the reproducibility of iPS differentiation experiments, but also during regulation of endogenously influenced cell type-specific differentiation, as reported previously. 15 There are various types of stem cells that provide excellent model systems for studying the fundamental biology of human development and diseases. 16 Stem cells can also be used to replace cells that have been damaged as a result of disease or injury. The definitive endoderm gives rise to the epithelial lining of the respiratory and digestive tracts and to the thyroid, thymus, lungs, liver, pancreas, intestines, prostate, bladder, and so on.
Previous studies have shown that high doses of activin promote differentiation of endoderm cells from ES cells. [17] [18] [19] Activin, a member of the transforming growth factor β superfamily, is essential for specification of the endoderm during gastrulation. Yasunaga et al 17 In our study, b-FGF was selected because it reportedly increases the expression of inflammatory cells, osteoblasts, and vascular endothelial cells, as well as fibroblasts, thereby promoting wound healing and angiogenesis. 20 Shiraki et al 21 reported that activin signals and b-FGF signals both affect definitive endoderm differentiation, whereas another study showed the effectiveness of b-FGF in laryngeal and tracheal reconstruction. 22 Embryoid body formation is a crucial step in differentiation of many ES and iPS cells. Since EBs contain a heterogeneous cell population, specific isolation of target cells (ciliated cells) from EBs is a necessary step in promoting differentiation into specific lineages. Further studies are planned on the induction of iPS cell differentiation into respiratory epithelium in vitro, with additional examinations through immunohistochemical analysis, electron microscopy, and measurements of ciliary movement.
CONClUSIONS
This is the first study to show, through hematoxylin and eosin staining, that iPS cells have the potential to differentiate into respiratory epithelium-like tissue. The results suggest the potential of iPS cells in regeneration of the tracheal epithelium.
